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SPECIE CONCENTRATION MEASUREMENTS

UTILIZING RAMAN SCATTERING OF A LASER BEAM

by

George F. Widhopf and Samuel Lederman

Polytechnic Institute of Brooklyn
Farmingdale, New York U.S. A-.

ABSTRACT

The feasibility of utilizing Raman scattering as a diagnostic

technique to measure individual specie concentrations in typical gas

mixtures found in gas dynamic applications has been investigated and

demonstrated. Utilizing this technique, either the local density of a

pure gas or the concentration of individual diatomic (or polyatomic)

species in a gas mixture can be uniquely determined.

The range and limitations of this technique were investigated

and evaluated under controlled static conditions. A Q-switched ruby

laser, which has a pulse duration of approximately 10 nanoseconds, was

used as a radiation source. The scattered radiation was monitored

utilizing a high gain, wide spectral range photomultiplier tube in

conjunction with a spectrograph. Measurements were also made utilizing

narrow bandpass filters in place of the spectrograph. The species

which were investigated include O, N 2 COz and CH4 . Quantitative
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.Research Associate.
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results are given for these gases in their pure state as well as in

various mixture proportions.

It was determined that, with the present experimental

configuration, the density of a pure gas or the concentration of a particular

specie- in a mixture can be determined with good accuracy over a

density range of approximately two and one-half orders of magnitude.

The lower range for most of the species is a few torr. This

capability Is independent of the presence of any suspended dust

particles in the gas mixture.

The rilative and absolute intensity of the scattered radiation

froin the species investigated were compared with that predicted by

theory. Good agreement was obtained. Measurements were also made

ofthe vibrational temperatures of 02. Fair agreement was obtained

for the spectrograph neasurements and very good agreement was

-obtained for those made utilizing the narrow bandpass filters.

A description of the pertinent theory and concepts of Raman

scattei ng is also included as well as a discussion of the limitations

of-the technique.
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I INTRODUCTION

The deveiopment of techniques capable of directly measuring

local values of gas density has received much attention in recent

years. This capability greatly enhances the information which can be

experimentally obtained about gas dynamic flow fields, and could be of

particular importance in situations where the determination of specie

concentration or local density distributions are important. This is

especially true when standard probe techniques interfere with the flow

field, or whefe the relative concentrations of the species being measure-.

are altered by the sampling technique utilized.

Some techniques recently investigated included, electron beam

1-3- 4 5,6fluorescence, Rayleigh scattering , and Thompson scattering

Each has its own particular use and limit .tions. The electron beam

has an operation upper limit of a few Torr, -due to the quenching of the

excited molecules through collisions before they- are able to emit their

radiation. Since the frequency of the emitted light is unique to -each

molecule, individual species .ontained in a gas mixture can be

determined through a spectrum analysis of the emitted light. The ability

* -to measure the concentration of an individual specie is, however,

- - dependent upon the type and amount of the other components comprising the

mixture under consideration, since they determine the degree of quenching

present under given conditions.

Thompson scattering, on the other hand, utilizes the scattering

of radiation from free electrons in a plasma and therefore, can only

effectively measure the electron concentration in a relatively high

density "hot" plasma. The technique of Rayle.;gh scattering involves the



elastic 3cattering of the incident radiation by the gas molecules themselves.

--The intensity of this scattered radiation can be directly related tc the

local gas density of the particular specie under consideration. Since

the scattered radiation is of the same frequency as the incident

radiation, the source of the scattered radiation can sometimes be

-indeterminable. That is, any dust which is present, as well as

equipment, will also iscatter the incident radiation and this may over-

whelm the portion scattered by the molecules themselves. While it is

true that the scattering cross-section is different for each specie, there

is- no Way to distinguish the identity of each individual specie in the

mixture or the amount it contributed toward the total intensity measured,

since all scattered radiation is of the same frequency. Therefore,

only some "average" density of the gas mixture can be deduced from

the- Rayleigh intensity measurements.

Obviously, there exists a need for a diagnostic technique which

can complement the above techniques and possibly eliminate some of

their inherent limitations. The investigation of such a technique is

the subject of this paper.

When a beam of monocromatic light-traverses a eas mixture, Zhe

resultant scattering phenomenon involves both the elastic and inelastic

interactions of the photons with the gas molecules. The elastic

interaction results in Rayleigh scattering, while that due to the

inelastic interaction results in Raman scattering. The Raman

scattered radiation consists of radiation whose energy, and therefore,

frequency has been changed by an amount characteristic of the energy

differences between the stationary energy states oi molecules it

2



iencounters. The shift can result in an increa - in energy, and

subsequent increase in frequency (Anti-Stokes .. e), or a decrease in

energy, and subsequent decrease in frequency (Stokes Line), of the

scattered radiation. This frequency shift is a u:ique characteristic

ef the scattering molecules and is independent of the frequency of the

incideit radiatio1. Therefore, the individual species present in the gas-

mixture can be uniquely distinguished by monitoring the frequencies of

the scattered radiation. Not only --an one distinguish between the

different spe.:ies comprising a gas mixture, but, by measuring the

intensity of each component of the scattered light one can determine, in

theory, the individual rotational and vibration'al temperature and

concentration of each diatomic or polyatomic species in the mixture.

Since the Raman effect is a sceattering phenomenon, the only

effect of th other species present in the mixture should be the attenuation

(due to absorption or re-scattering) of the resulting scattered radiation.

Thus, the ability to detect and measure the concentration -3f a- particular

species in a mixture, should not be affected by the type or arnoun. of other

species present, provided proper precautions are taken in order to

attenuate all other wavelengths present. This, of course, assumes that

the subsequent attenuation due to the presence of other molecules is

negligible (See Section IV). In the same manner,the presence of any dust

particles will not affect these results, since the scattering Irom any dust

particles is of the Rayleigh type or has its own characteristic frequency shift.

Raman scattering has been an important tool of Lhemical physics

7-17for nearly half a century. Its applicaticn was mainly limited to

* fundamental research investigating the phenomena itself 7 - 1 and the

determination of certain i trnxrtant molecular constants and characteristics

• 3



13-17 15-17from the resulting spectra. in these investigations , the gas

properties, such as density and temperature, were assumed to be known
Sand the scattered radiation was analyzed for the desired information.

It is the intent of this investigation to use the scattered radiation

as a diagnostic tool in order to identify unknown species in a gas

mixture, as well as to measure their concentration and vibrational

temperature. This type of application has been previously proposed

and described in the combined effort included in Refs. 18-20, wherein

-some exploratory experimental measurements -were initiated. Raman

scattering has also been proposed and used for probing the upper

atmosphere.

As described above, Raman scattering, in theory, presents

many-inviting features. The investigation of the quantitative experimental

fea &ibility of these features and the extent to which they can be used in

practice and applied in the realm of gas dynamic measurements is to

be--explored, herein. To achieve this end, a static calibration under

controlled conditions was initiated. An explanation of the theory

-invol.ved and a discussion of the necessary equations and concepts

needed for Raman diagnostics in gas dynamic applicaticns is presented,

together with quantitative experimental results. Its applicability and

use under varying conditions, as far as gas density, discrimination

7-ability in various gas mixtures, and loss factors will be discussed and

determined.

4
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II THEORY

Consider a photon of arbitrary energy hV, which interacts0?

with a molecule in one of its various stationary states characterized

by a discrete energy level E. -During the interaction between the

molecule and the photon, the molecule undergoes a double transition,

by first absorbing and then emitting a photon. During- the absorption,

the energy of the molecule is raised to E + hv, which may or may not

be one of its stationary energy states. If this state does not correspond

to a stationary state-, the photon is scattered in some direction and

the molecule falls to a lower energy level. If the molecule returns

to its original state E, the energy and frequency of the scattered

photon remains unchanged while its direction may be changed. This

type of scattering -corresponds to the above mentioned Rayleigh scattering.

It is possible that the molecule does not return to its original

unperturbed energy state- , tut changes to a different energy level Ei.

This will result in a ";%rrespo ding change in the scattered photon energy.

If E1>E, the energy of the photon is decreased to hv0 -(EI-E), while

the intcrnal energy of the molecule has been increa-;ed by (E -E).

If El<E, the energy of the photon is increased to hv +(E -E) and the

molecule's internal energy is decreased by (EI-E). This latter

process can only occur if Z is not the ground state energy. Some of

the scattered radiation is, therefore, of a different frequency than the

incident rAdiation and is known as Raman scattering. The former

process gives rise to what is usually termed the Stokes component,

while the latter is termed the Anti-Stokes component of the Raman

scattering. These changes are shown diagrama.ically in Fig. 1.

ii



Now, if the raised energy state of the molecule corresponds to

a stationary state, the photon is absorbed. After a finite period of

time (corresponding to t e mean life of the raised state, which is

inversely proportional to the transition probability), the molecule will

fall to some lower energy level (original le-;el or any other) E 2,

emitting a photon whose energy is equal to E-E 2 * This process is

known as fluorescence and results in radiation of the different frequency

than the incident frequency, as does Raman scattering. It differs from

Raman scattering, though, in a very fundamental way. That is,

fluorescence can only occur for very selected incident light frequencies

while F-aman scattering can occur for all incident frequencies. The

time scale for the respective phenoMera to occur is also different. Raman

scattering occurs in approximately 10 -1 seconds, 22while a nominal

mean. lifa for fluorescence to occur is on the order nf 10- 7 seconds.

At any =given temperature the molecules in a small volume are

distributed over their possible energy states. In thermal equilibrium

they are distribured according to the -farniliar Boltzmann distribution.

Therefore, there will always be some molecules in an energy state above

the ground state. With this in mind, and remembering that each of the

transitions described above have a finite probability of occurring, it is

evident that during any scattering process, Raman Stokes and Anti-Stokes

as well as Rayleigh components should be expected to occur si miltaneously.

The intensit- of each of these components will, of course, be

different.

The intensity of these scattered radiation components can be

determined utilizing the perturbation theory of wave mechanics. That

6



is, a molecular system can be assumed to be perturbed by the ificident

radiation and the transition probability of -this process calculated. (See

Appendix I). This procedure determines the intensity of the scattered

radiation in terms of a summation over all the possible energy states,

7,8,10(electronic, vibrational, rotational) of the molecule. 7 8 The

formulation and result is quite complicated and can only be uniquely

8evaluated in some very restricted cases. Fortunately, Placzek devised

a theory which, under certain conditions, eliminated the need of this

surnmation. He introduced the concept of the polarizability, (See

Appendix II). Here the sum over the ground states wave functions can

be replaced by the polarizability of the molecule with fixed nuclei, and

by the effect of the nuclear motions on the polarizability. That is,

- - when a photon interacts with a molecule, the oscillating electric field

of the incident radiation induces a dipole moment P in the molecule, of

magnitude

where ' is the polarizability tensor. This representation is useful,

since the components of - can be determined experimentally and

does, in effect,replace the summation over all the energy states of the

tmolecule, (See Appendix II).

The intensity of scattered light as a function of the polarizability

can, thereiore, be derived using the usual concepts of wave mechanics.

That is, one can formulate the transition probability of the transition

under consideration, the square of which is directly proportional to the

intensity of the resulting radiation. For a volume of N arbitrarily

7



oriented molecules this results in

IS A = Cl(vo"vkn)4N I PknI 2  (2)

where ISA are the Stokes and Anti-Stokes intensities respectively, Watts

V is the wave number of the incident radiation ,cm
0

Vkn is the wave number of the Raman shift, cm

N is the total number of molecular scatterers

Pkn is the transition probability amplitude (See Appendix I-III)

The transition probability amplitude is, in- general, a ftnction of

the observation angle, the mode of polarization of the incident radiation

as well as the specific type of transition under consideration. The

-vibrational and/or rotational- transitions will be considered herein, since

in practice almost all Raman spectra recorded results horn these types

-of molecular transitions. The transition probability amplitude for the

vibrational-rotational transition as a function of observation angle, for

linearly polarized and unpolarized incident radiation Is given in Appendix

-II. Also, included in this appendix is the ratio of -the perpendicular to

parallel components of the scattered radiation as a function of the

observation angle and the incident radiation polarization.

In the experiments described herein, the incident radiation was

[vertically polarized (See Fig. 2) and the entire vibrational-rotatiorl

-Raman band was observed. Under these conditions, the intensity of the

scattered radiation for an individtial specie can be written in the

following form (See Appendix 11 and lI)

I C~ v N 1 1 2  12 -4 (3S ,A C e 0~.o 5 . 3

r 3

---E-• mm



where -j is the wavenurnber of the vibrational Ran-an shift, crn

w is the frequency of vibration in cm
e

h is Planck's constarit

V is the reduced mass of the molecuie

c is the velocity of light

Iis the intensity of incident radiation UWatts

Q Is the solid angle of the observation 3ystem

X is the amount of anisotropic scattering in the Q-branch

(See the Appendices for a discussion of the Q-branch and YI

C2 is a constant

a~is the isotropic part of th, change of the polarizability

yis the anisotropic; part of the change of-the polarizability-

Both c'and y' are molecular invariants relAted to-a ie in

Eq. (AZ-18, 19) in Appendix II. For linear symmetric miolecules (XY.)
an erra a oeclsXY)te constant LL, in the above formula,

is 2 m and 4nm respectively, where mr is the mass of the -Yatm

It is seen from Eq. (3) that the ii-tensity is depenc-ent upon the

number of scatterig molecules, the frequency of the 3cattered radiation,

the incident intensity, and certain molecular constants.

The determination of the wavelengths of the. various Ra-nan

components shculd be dm~e with the greatest degree of- accu racy . ,

betier man the resolution required i the investigaticu). This can be

accomplished, for diatomic~ molecules, by utilizing the vibrating rotator

molecalar model as described in Ref. (23). The- procedure, equations

and molecular constants necess~a ry for such a calculation are described

and '-dver,. in Appendix WV.

9



Utilizing these models the wavenumbers, in vacuo, of the Stokes

and Anti-Stokes components can be computed for each species. Since the

measurements are usually made in air, the index of refraction of air

must be taken into account. The wavelengths oi the components can

b2 calculated using the re]ation %= 1 /vn, where the index of refraction

of air (n) as a function of freuqency, temperature, and pressure is

given in Appendix V. The Raman wavelengths of some interesting

species calculated utilizing the procedure outlined in Appendix IV and V,

- are shown in Figure 3. Included therein, are the wavelengths for the

CO. and CH 4 Raman components as computed using the Raman shifts

reported in Ref. 15.

The molecular invariants a and Y, for a given species, should

also be known. These invariants, as previously explained, can be

determined experimentally. Their exact measurement is a delicate and

difficult task and many attempts have been made in the past to determ-ine

14-17ethese constants. Examining the available data ior a.and Y. it

was found that the work in Ref. 15 was very reliable. These results

are expected to be accurate wthin the experimental error of this

investigation. The data from other previous investigations are outlined

in Table I , together with that used herein, in order to give a better

perspective of the type of data avalable. Certain quantities needed for

our calculations, which were derived from the data of Ref. 15, are

included in this table. It should be noted that in these investigations,

most of the measurements were made of the Q-branch and not of the

entire vibrational-rotational band.

Since the intensity of tue scattered radiation depends upon the

10
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nawnber of molecular scatterers preient in the volume being investigated

a measurement of -the intensity will give N or the concentra*Lon of the

particular species underconsideration. For any given situation both the

Stolkes and Anti-Stokes components should be present, therefore,

theoretically, the intensity of either component could be used to

determine the concentration of a particular specie. In practice, however,

the Stokes line should be used, since It is usually more intense at the

lower temperatures. Considerhig only the Stokes components of the

Raman scattered radiation, equation (3) carn be rewritten. including the

attenuation factors introduced b " the experimental apparatus, in the form

( - ' h [,,,. 7 2'A AA
ST- ,. , (4)-T-Z-- c z vN (T)45"

oe 1

where I s is the intensity of the scattered radiation from an individual
p

specie as seen by the phototube.

V is the scattering volume, cm 3

N is the concentration of molecular scatterers particles/cm, 3

-..(T) is the mumber of molecules in the ground tate at the

temperature T

AI is the collecting lens area, cm

r is the distance between the scattering center and the coilecting

lens, cm

A s is the illuminated area of the slit, cmz

A. is the area, of the image of the scattering volume on the

spectrograph slit, cm

L is the transmission factor of all the optics (leases, filters,

grating, etc.) in the system

i1



Equation (4) gives the functional dependence of the scattered

intensity upon the various governing independent parameters. It is

important to note the linear dependence with number density.

Theoretically, a measurement of I° and I , knowing all other

quantities, will yield the number density of the species under

consideration.

Taking the ratio of the intensities of the Stokes and Anti-Stokes

components, and utilizing the Boltzmann distribution to determine the

number of molecules in each vibrational state, results in

43

(- V)ex7.exp [chv/kTI (5) -_:
I A -(V o+V) LhvT,

where I and IA are the intensities of the Q-branch. This intensity

ratio as a function of temperature is shown in Figure (4) for a few

species of interest.

Since the frequency shifts have been determined previously,

a measurement of IA and I will determine the vibrational temperature
A S

when substituted in Eq. (5). The sensitivity of the determination of

vibrational temperature, .ue to inaccurate measurements of IS and IA,

is shown for a typical species, in Fig. (5). It must be remembered

that the utilization of the Boltzmann relation assumes thermal equilibrium,

an assumption which may be violated in some applications.

As seen in Eq. (4) and Table I , the Raman cross-seztions are

very small and therefore, in relatively short duration measurements, a

high intensity source is needed to produce scattered light of sufficient

intensity which can be recorded above the local background and

instrument "noise". The use of a Q-switched ruby laser (IC nanoseconds

12



pulse duration) satisfies this requirement and in addition permits the

application of this technique in a dynamic situation.



III EXPERIMENTAL FACILITY

The system characteristics aiven prime consideration in the

design of the experimental facility were: safety, elimination of unwanted

reflections, and system versatility. Since direct observation (or even

indirect viewing after many diffuse reflections) of the laser radiation is

dangerous, prime importance was placed on safety. The system (see

fig. 6), was therefore, designed so that the laser radiation would be

completely enclosed (where possible) in order to avoid any accidents.

These enclosures did not interfere with the experimental measurements

and were designed for quick adjustment and removal.

As stated previously, the intensity of t1.e Raman components of

the scattered radiation is low. Therefore, care must be taken in both

its detection and measurement. Since the intensity of the scattered

radiation is, in general, a function of the angle between the incident

radiation and the viewing system, reflections of scattered radiation into

the viewing system must be avoided. This is particularly true if local
measurements are to be made. The above statements are applicable

for the Rayleigh components as well. therefore, their reflections should

also be eliminated. This is especially important, since the intensity of

the Rayleigh component is normally at least three orders of magnitude

larger than the Raman component, and must be filtered out in order to

avoid masking the Raman component. Thus, the additional Rayleigh

intensity resulting from reflections cai only magnify this problem.

To accomplish this, a radiation absorption chamber (see Fig. 6)

was con,tructed and placed in line with the incident radiation direction.

This provided a terminal for the incident radiation, wherein all radiation
is internally reflected and absorbed within the chamber, and thus

14



eliminates the possibility of any reflections into the scattering chamber.

A second chamber provided a good background for the viewing system,

thus eliminating scattered radiation reflections in line with the viewing

system.

Since one of the intentions of the investigation was to find the

operational lower limit of the technique, the system had to have vacuum

capabiJities. Optical paint could, therefore, not be utilized to coat the

inner surface in order to avoid reflections, due to its outgasing

properties. Therefore, the inner surfaces were black anodized. The

inside of the scattering chamber was roughened as well, in order to

eliminate the internal reflections more effectively.

The absorption chambers were designed similar to those utilized

in Ref. 5, since they were easy to construct and proved very successful.

in that investiagtion, in eliminating unwanted reflections. The chambers

consisted of black anodized aluminum cones, whose surfaces were

degreased, rough buffed, and placed in black anodized aluminum

cylinders. The opening to the in.cident radiation absorption chamber was

made large enough to accept the entire beam and yet, only be large

enough to allow the chamber to operate effectively. The opening for the

background chamber was made to match the viewing system opening. This

type of background absorber was chosen, since it seemed to be more

reliable than simply depending upon simple absorption at the wall.

The design of the optical system was such that a variable

scattering volume could be investigated by adjusting an iris, placed at the

exit of the optical system. The f number of the optical system was

designed to ciosely match that of the spectrograph (f/ 4.5). Two
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achromatic lenses (22 cm focal length) were used. They were placed

so that the inage and object were at the focal points of the corresponding

lenses, thus providing an image to object ratio of one to orie. This

permitted a system in which parallel light was ohained between the two

lenses, where filters could be placed without any distortion of their

bandpass characteristics.

The vacuum system consists of a water cooled 4" oil diffusion

pump, coupled with a mechanical roughing pump. The vacuum system is

located at the bottom of the test chamber separated from it by a 4"

vacuum slide valve. The chamber can be pumped down to 10-4 Torr, as

measured with an ionization gauge. This was considered to be low

enough so that the system would have z. minimal amount of impurities

even at very low test pressures.

The chamber wvas designed to accomodate various pressure

sensitive instruments as well as a thermometer used to record the test

gas temperature. The absolute pressure measurements were made

utilizing a barometric type manometer. The instrument has an accuracy

of 0.1 Torr, and a scale which can be corrected for changes in room

temperature. A baratron was used for absolute pressure measurements

below ZO Torr.

The distance between the laser and the scattering center were

chosen in orde: to somewhat sirnalate those distances to be enountered

if one would use the technique in one of our aerodynamic simulation

S~facilities. This distance was also large enough so that the image cf the

laser rod was inside the incident radiation absorption chamber

Photographic vie:ws of the experimental apparatus are showvn in Figure 7.
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Laser System

The system used in these experiments was a TAtG Model 104A

Ruby Laser System. It can be operated in either a normal or Q-switched

mode. In the Q-switched mode the laser output is one (1) joule,

released in a pulse of 10 nanoseconds duration (measured at the halfwidth).

This results in a peak pulse output of aoproximately 100 megawatts,

which was the approximate operating level for most of the experiments

herein. The laser head is cooled with room temperature air and emits
0

radiation at a wavelength of 6943 A, which is linearly polarized in

the vertical plane.

The energy output of this system is monitored by a TRG Model

100 Thermopile in conjunction with a calibrated TRG Model 102 energy-

meter. The pulse shape is monitored by a TRG 105 3 photodiode whose

output is displayed on a Tektronix 519 oscilloscope. The photodiode has

a S-20 spectral response and utilizes a- diffusing disk to distribute the

light pulse over the entire photosensitive surface. Since the rise time

of the photodiode is 0.2 nanoseconds and the rise time of the oscilloscope

is 0.29 nanoseconds, the iaser pulse, as recorded by this combination,

is not subh;tantialiy distorted. The respective instruments are connected

by a special matching 125 ohm, 5 nsec delay cable in order to prevent

any ringing o1 the photodiode circuit.

The monitoring of the laser probe is accomplished by utilizing

t-vo calibrated beamsplitters; one of which ret ects a small fraction of the

main beam into the other beamnspliter, which in turn reflects and

transmits part of this beam into the photodiode and ther-opile. Both of

these beamsplitters were carefully calibrated utilizing the laser as a

1

!17

i.. .



source, and two thermopiles, monitoring simultaneously the reflected

and transmitted portions of the beam. Thethermopile positions were also

interchanged in order to cross check the calibration.

Spectrograph

The spectrograph available for use in these experiments was

a WARNER & SWASEY Model M-401 Zoom Spectroradiometer. The

effective apperature ratio of this instrument is f/t. 5. It utilizes a

slit assembly which is adjustable, from a minimum width of 254 to a

maximum oi 1000P. The instrument has a plane grating whose ruled

area of 64x64 mm had 1180 grovc-s/mrn and is blazed for 7500 . The

efficiency of this -rating is 74% of thie blaze wavelength and approximately

60% at 6500 and 8500 X. It has a ghost intensity of less th~.n 0.002% in

the first order to 5461 A and the resolution using a -5.1 slit opening is
0 0

1.42 A at 5000 A.

A high gain pho.omultipIler (RCA Model No. C31000F) tube,

housed in a light sealed container attached to the spectrograph, was

utilized to monitor the exit radiation. This tube has good dark current

characteristics and has an anode pulse time of 2 nanoseconds at a bias

of 2500 volts. Its spectral response is depicted in Fig. 8. A highly

stabilized: filtered power supply was used to drive the tube and the

variation of the tube gain, as a function of the voltage applied between

the anode and cathode, is shown in Fig. 9. The absolute gain .as

determined using a carefully calibrated helium-neon laser as a source.

The output of the tube was displayed on a high speed Tektronix

454 oscilloscope and recorded on Polaroid film (10,000 ASA speed)-

18
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IV DIJAGNOSTIC LIMITATIONS AND SYSTEM ATTENUATIONS

Certain limitations associated with Raman scattering can be

outlined briefly. Since the Raman cross-sections are very small, a

high intensity source is needed in order to produce scattered light of

sufficient intensity which can be recorded above the local background

and instrum-nent noise. The use of a Q-switched ruby laser (10
0

nanoseconds pulse duration, 6943 A ) satisfies this rejuirement and

in addition, permits the application of this technique in a dynamic

situation. Since the scattered intensity varies with the fourth power of

the frequency, the use of a source which emits high intensity radiation

at a high frequency would be more desirable. This, in conjunction

with the fact that the sensitivity of the available photodetectors is much

greater in the higher frequency range, would increase the efficiency and

range of the techni--ue. Unfortunately, such a high power source is

not presently available. The use of a higher power Ruby laser would also

increase the intensity of the scattered radiation, thereby, increasing

the range of tie technique.

The Raman Stokes components of interest lie in the near

infrared region of the spectrum, vihen a Ruby laser is used as the

incident radiation source. Unfortunately, in this region the sensitivity

of available photomultiplier tubes is not very good, (see Fig. 8). For

this reason, the phototube selection for use in this investigation %as

qcite tedious. Several RCA as well as Amperex subes were investigated.

The requirerments of high gain, wide spectral characteristics and low

"noise" were difficult to meet. It became necessary to compromise

as far as gain is concerned, and select the RCA Type C3100OF (which
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is an experimental model), due to its lower than average "noise" and

vider tlan average spectral characteristics.

Since the intensity of scattered light is directly proportional

to the local gzs concentration, a lower limit is expected to be set, for

a given source intensity, on the measureable gas density. Similar

limitations are present in the utilization of the electron beam, wherein

an upper limit is ilso introduced due to collisional quenching. Another

consideration is the effect of the surrounding molecules on the scattered

light. This will manifest itself in the absorption of photons and the

subsequent scatterihg of these Raman photons by the gas between the

scattering center and the detector. Similar absorption and scatterinZ

considerations are also true for the light emitted by the excited molecule

in the electron beam £.uorescence technique before its detection is

accomplished.

Subsequent scattering of Ranan light will be predominantely

of the Rayleigh type due to it& large cross-section and t~ierefore, its

frequency will, be unchanged. The only problem will be that losses

will occur since the Raman light is scattered at v-rious angles other

than that of the viewing system and the-efore, some will be lost before

reaching the detector. The amount of the incident radiation which is

lost due to scattering before reaching the volun.e under investigation

and the amount of Raman radiation which is re-scattere;i before being

detected are both very small. Th!s can be readily seen by considering

the cross-sections involved (either Raman or Rayleigh). The amount

lost due to a'..sorption will be a function of specific frequency considered.

This should also be very small, except when the frequency of the
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scattered radiation corresponds to a strong absorption band of another

specie present in the mixture.

The losses and attenuations introduced by the measurement

techniques and system design must now be considered. The system

losses manifest themselves mainly in the attenuations ard reflections of

the incident and scattered radiation by the test gas and optics in the

system. These losses can be most easily combined in a calibration
a

factor and were determined utilizing a helium-neon laser (6328 A )

and a very sensitive, calibrated thermopile. The radiation emitted

by this laser is polarized in the vertical plane as is the ruby laser used

herein. The transmission Lkctors through all of the system optics

was measured to be 0.608.

The major instrument losses will be encountered due to the

spectrograph, which is used to monitor and measure the separate

components of scattered radiation. Sice each of these instruments

has its own inherent characteristics as far as losses are concerned, they

must be determined in each indivdual case. The losses are a !unction

oi frequency and therefore, must be known over a range of waveiengths.

in order to minimize these losses, the viewing system optical

characteristics should be matched to the particular spectrograph utilized,

and the grating should be selected to give the maxirnun- efciency over

the spectral range of interest. The attenuation dae to the grating .as

determined utilizing the data supplied by the manufacturer. T;-e

attenuation of any filters which were used in the sysiem was obwfl'ned

from the transmission curves supplied by the manufacturer. These

transmission factors were re-checked utilizing various spectral lamps.

21
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The attenuatio: of the spectrograph was also checked, utilizing the

helium-neon laser and was found to agree with the expected attenuation.

In consideration of the above, one would expect the most severe

limitation to be the availability of photodetectors capable of resolving low

light intensity levels.
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V. EXPERIMENTAL PROCEDURE AND RESULTS

As stated in the introduction, the purpose of this investigation

is to determine the feasibility of using Raman scattering as a diagnostic

technique in order to determine the specie concentration and vibrational

temperature of various gases, both in a pure state and in mixtures. As

seen In Eq. (4), the intensity of the Raman components vary linearly

with specie concentration. It should, therefore, be determined in what

range the intensity of the scattered radiation, as recorded in an actual

situation, is linear. This would determine, under these experimental

conditions, the range in which a measurement of the scattered

intensity from a particular specie would provide data from which its

concentration could be calculated. This would a.3o provide a calibra;ion

curve for each specie which co-Id be utilized to determine the

concentration of individual species in a mixture.

The above was accomplished by filling the chamber with the

d esired gaseous specie (commerically pure), pulsing the laser, and

recording the scattered intensity as a function of gas pressure. The

pressure (and therefore the density, since the temperature of the test

gas remained at room temperature) was subsequently varied over nearly

three orders of magnitude. in all tests the spectrograph was preset

at the desired Raman wavelength, and the slit width set at 1000P. Two

filters were placed in the viewing system chamber provided for them.

0 0
One filter had a narrow reflection band (300 A ), centered at 6943 A,

in order to attenuate the Rayleigh component. It passed all other

wavelengths at a slight attenuation (s250). The second filter has a
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100 A bandpass centered at the desired Ramar. wavelength and blocked

all other wavelengths. This combination provided, in all cases, an

attenuation of the Rayleigh component of at least five orders of

magnitude, while attenuating the Raman component by approximately 50%.

The magnitude of the attenuation of the Rayleigh component which is

required in any specific applicati.on iE dependent upon the ghost ratio of

the grating utilized, the individual spectrograph characteristics, and

the ratio of the Rayleigh to Raman intensity.

The utilization of these filters eliminated the possibility that

any of the other components would mask the desired Raman component,

due to their much greater intensity (Rayleigh Ghosts), or that they would

be recorded if one of their higher orders (due to the dispersion of the

grating) corresponded to the Raman wavelength being measured. This

precaution did not, however, eliminate the possibility of recording

radiation of the same frequency as the laman components, which

originated from another source; (e.g., if certain wavelengths of the

emission spectra of the gas mixture corresponded to some of the Raman

wavelengths being observed). In this case, a measurement of the

background radiation must be made before any Raman scattering

measurements are undertaken and accounted for in the subsequent

data reduction. The nonexistence of this background radiation was

determined by the subsequent tests described below. The latter

considerations are not so important under the present conditions, but

they may be important under conditions where there is some substantial

background radiation present.

In each test, the incident laser pulse as well as the scattered
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E



intensity were monitored. Thub, z:y variation in the laser pulse could

be determined and accounted for in the subsequent data reduction. The

incident laser pulse was monitored by a thermopile and a photodiode(see

Fig. 6 and the description of the equipment). A typical response of the

photodiode depicting the incident laser pulse waveshape is shown in Fig.

(10a). As stated previously, the response times of the recording

equipment was fast enough so that the laser pulse waveshape was not

appreciably distorted. The power of the incident laser pulse could,

therefore, be determined from the response of the photodiode (using

the halfWidth) and the thermopile output.

Typical scattering pulses, as monitored by the phototube in high

and low density tests, are shown in Fig. (lOb) and Fig. (I.0c),

respectively. One notices the raggedness of the pulse a,. lower pressures.

Since the rise times of the phototube and the oscilloscope are about 2 nsec

and the decay tine of the phototube is several times longer, the wave-

shape of the scattered radiation is asymmetrical. This could not be

avoided, due to the limited availability of phototubes which could be used

in this investigation.

Pure Gases:

This procedure was followed in the testing of pure 02, N2 , CO2

and CH 4 gases, the results of vhich are shown in Figs.(11-18)

respectively. The data have been plotted on a overlapped chartesian

scale (Figs. 11, 13, 15 and 17 ) in order to give a better idea of the

accuracy of the measurements; and on a log-log scale (Figs. 12,14,16

and 18) in order to give an overall perspective of the range of the data

as well as a better idea of the accuracy at the lower pressures.
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Include n each figure is the theoretical linear distribution as given

by Eq. (4), as well as the characteristic observation dimension D. This

dimension, used in conjunction with the beam size, defines the scattering

volume observed (refer to the diagrarn in Fig. (6)). In all the tests

described herein, the incident beam diameter (6mm) was kept

approximately constant, The results presented in these figures have

been nondimensionalized with respect to the intensity of the scattered

radiation recorded at a pressure of 760 Torr for each specie. This

factor is also included in the legend, together with the corresponding

incident laser intensity.

Utilization of the above mentioned slit setting (10.'01L), allowed

the observation of the entire vibrational-rotational Raman Stokes band.

In the case of carbon dioxide, which has four Raman Stokes components,

the intensity recorded when the spectrograph was utilized, was the
0

combined intensity of the vibrational-rotational bands at 7683 and 7696 A.

A separate measurement was made of the combined intensity of the
0

bands at 7612 and 7623 A. In this case, the recorded intensity- of the

scattered radiation was 8.2 (10) - 8 watts, for an incident radiation in-

tensity of 75 megawatts.

In the case of CH 4 ,two Raman components exist in the wavelength
0

range of interest. The component which was monitored(3704 A) is

due to a totaly symmetric vibration of the molecule and results from

an isotropic change in the polarizabillity. Thus, this component is only

a function of -" and has no accompanying rotational lines. The other
0

component (8737 A ) is due to a doubly degenerate vibration ind is only
0

a function of "!'. Since a narrow bandpass filter centered at 8704 A
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was not available, measurem-nts of the intensity of the CH4 Raman

component could only be made utilizing the spectrograph. Another
0

reflection filter (6943 A ) was used in order to assure that the

Rayleigh component was sufficiently attenuated.

Good agreement between the measured Raman intensity and

theory, over a range of approximately two and one-half orders in

magnitude in density, is noticed for all the species. Almost all of the

data points fall within 10% of the theoretical line. The accuracy is

better at higher pressures and decreases to 15-20% at the lowest

pressure. The lower limit for N. ( 10 Torr) is higher than 02 and

CO ( 3-4 Torr). This is due to the fact that the Raman scattering

cross-section of N2 is smaller than either 0 or CO and also,

because the phototube is less sensitive at this wavelength, The lower

efficiency of the grating and the higher attenuation of interference

flters at the longer wavelengths, also, contribute to this result. These

considerations are, also, the rea-son why the lower limit of CH4 is not

lower than that of all the other spccies, even though its scattering

cross-section is larger. A major factor in the determination of these

lower density limits is the magnitude of the phototube "noise". That is,

at pressures below these limits the intensity of the scattered radiation is

within the "noise" of the phototube, and therefore, is not measurable.

The choice of limiting the measurements to an upper limit of

760 Torr was purely based on matters of system integrity and

convenience. The upper range of the technique can easily be extended

to higher pressures; that is, on the order of 2-3 atmospheres (e.g. some

measurements made in Ref. 15 and 17 were made at a pressure of 2

atm ospheres).
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As indicated in the introduction, the upper limit of the electron

beam fluorescence technique is a few Torr, a.ue to the quenching of the

excited molecules. The data as presented here, indicates that if Raman

scattering from 0 or CO, was used as a diagnostic technique, it is

possible to measure densities within the upper bounds of the electron

beam techniqpue. The Raman scattering technique, therefore, complements

as well as presents the possibility of supplementing it, with the use of

more sensitive phototubes or higher powered lasers.

Included in these Figures (11-16) are the results of tests conducted

without the spectrograph, utilizing only narrow bandpass filters to select

the proper Raman wavelength. Here the spectrograph v-as removed and

an iris placed at the image of the scattering volume, in these tests, two
0

narrow reflection band filters, centered at 6943 A , were used in

conjunction with the individual Raman filters, in all cases this type of

filter combination attenuated the Rayleigh component by at least eight

orders of magnitude or more.

As in the tests utilizing the spectrograph, measurements were

made at very low pressures in order to determine *f there was anj

outside light leakage or background intensity at each wavelength of

interest. Te',s were also conducted at various pressure levels in order

to determine if there was any background radiation present. These

tests showed the presence of neither. The transmission of any Ravieigh

or other radiation through the spectrograph, or through the narrow

bandpass filters, was extensively tested and determined to be of such a

low magnitude that they were not measurable. These tests were

conducted under the most severe conditions encountered in the experiments
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and the filters were found to be more than adequate. Measurements of

the Raman scattered intersity were made immediately after filling the

chamber as well as after the dust had been allowed to settle. The

presence of suspended dtst particles was found (within experimental

error) not to have any effect on the measurements. As dis'cussed in

the introduction this result was expected. Only when the wavelength of

the scattered Raman radiation from the dust particles is close (i. e. not

within the resolution of the spectrograph) to the Raman wavelength

associated with a gaseous specie of interest, will the presence 3f dust

effect the Raman scattering measurements.

In the tests conducted utilizing narrow bandpass filters the

diameter of the iris opening was set at approximately 2.5 mm. The

crossing of its image with the incident beam defines the scattering

volume being observed, as described in Fig. (6). The data is presented

in the same manner as was the spectrograph data, where the

respective nondimensionalization fictor is also included in each figure.

It should be noticed that in the case of GO 2 all four of the Raman bands

were now observed simultaneously.

Since the attenuation of the narrow bandpass filters was much less

than that of the spectrograph, it %vas possible to achieve better spacial

resolution at . given pressure, when the filters were utilized, without

any sacrifice of the intensity of the scattered radiation. Thus, the

scattering volume observed when the narrow bandpass filters were

utilized, was reduced to approximately one-fourth that of the volume which

was observed wvlen the spectrograph was atilized. As can be seen from

these figures, the accuracy of the measurements utilizing either method



is about the same.

The relative intensities of the Raman components of the different

species considered, were checked with that predicted by theory utilizing

the experimental values of a* and y" obtained from the data in Ref. (15

and 16). The comparison was made for the intensities measured using

narrow bandpass filters. These results are presented in Table !I

where very good agreement is noticed. lincluded therein, are the values

of ,-' and X(Y'/ct') 2 used to compute the theoretical value of the

scattered intensity. It should be pointed out that, in the case of C0 2 ,

the combined intensity of all the Raman Stokes components was compared

to that predicted by theory. It is noticed that intensity measured utilizing

the spectrograph is higher than the theoretical value. This probably

occurred due to some overlapping of the frequency band resolved when

separate measurements of the intensities of 7612,7623 Aand 7683, 7696 A

bands were made. This did not effect any of the subsequent results,

since the spectrograph was always kept at the same wavelength setting

when mixtures involving CO2 were being analyzed.

Due to the wavelength resolution of the spectrograph a portion
0

of the CH4 Raman band at 8787 A was measured simultaneously with
0

the component at 8704 A. Since the theory as presented herein for

XY4 molecules is valid only for the totally symmetric vibration,the theoretical

intensity of the CH4 components including the contribution due to the

doubly degenerate vibration could not be readily calculated.

The intensity of the 02 Raman Stokes component was calculated

-18
usiz.g Eq. (4) (where C 2 was taken to be 8-'1) and compared to that

computed from the scattered radiation trace. The spectrograph
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measurement was found to be approximately 17% lower than that predicted

by theory, while the intensity measured utilizing narrow bandpass filters

was approximately 10% higher. These differences are within the

experimental error resulting from the measms ement of each attenuation

factor, as well as the estimate of the scattering volume. It also must

be remembered that the values of y' and -." used to predict the

theoretical intensity are probably only accurate within 10%. Since the

relative intensities a-ree with that predicted by theory, the differences

between the calculated and measured intensity are probably due to the

estimate of the scattering volume.

It should be mentioned that the same type of tests were perfu~rmed

using Hydrogen as the scattering medium. Unfortunately, due to the

very low sensitivity of the phototube at this wavelength, no reliable

results could be obtained. An available phototube with an S-1 response
0

was considered, but, while its sensitivity was better at 9764 A, its

gain was less, rendering it less useful than the RCA Type C3100OF

phototube.

Mixtures:

Figures (11-16) can be considered to be calibration curves and,

therefore, be used for the investigation of the feasibility of determining

individual specie concentrations in various gas mixtures. As stated

in the introduction, the determination of the concentration of an

individual specie in a gas mixture should be independent of the type and

amount of the other components comprising the mixture. (Here it is

understood that the subsequent rescattering or absorption of the scattered

photons by the surrounding molecules is assumed to be negligible (see
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discussion of limitations)). Thas, the goal of these measurements is

the demonstration, under controlled experimental conditions, of the

validity of this diagnostic capability.

In these tests, various gases were mixed in known proportions

and the intensity of the various components was recorded. Tests were

conducted using a spectrograph and also using narrow bandpass filters

in order to select the wavelengths of interest.

Measurements were made in order to determine if there was any

response for a particular specie when it was not present in the mixture,

and the density of other species was -high. In all tests the result was

negative, indicating that only the intensity of the specific compoaent of

interest was recorded. The same type of check was performed when

the narrow bandpass filters were utilized. Here it was found that the

CO2 and O filters each transmitted a very small percentage of the

otherts component. The amount was measured and used to correct

subsequent measurements. This, of course, could be entirely eliminated

with the use of filters with a much narrower bandpass.

As stated before, the filters utilized herein sufficiently attenuated

the Rayleigh component, even when suspended dust particles were

present in the gas mixture. It must be remembered, however, that in

the case of a mixture, the Raman components are proportional to the

individual specie concentration, whereas the Rayleigh component is

proportional to the total mixture density. Therefore, it is the mixture

density (plus the presence of dust particles) which must be considered

in the determination of the proper Rayleigh attenuation needed in a

particular situatioa.
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Initial tests were conducted in two component mixtures (0 z and N2 )

utilizing a spectrograph in order to select the desired wavelength. Here

one component was held at a constant part-W pressure, while the other

,as varied over a range of partial pressures. This would show the

relative accuracy of individual specie concentrati:% measurements under

various mixture proportions. T.Ne results of these t-&ts 'are shown in

Fig. (19). The results are p!otted according to the mixture considered,

where the ordinate is tne individual specie .artia. pressure. Therefore,

the total mixture pressure is obtained by selecting a mixture and adding

the various partial pressures indicated by the symbols on or near the

vertical line emanating from the desired mixture number. The accuracy

of these results are seen to be within those en:ountered in the pure

specie tests. In general, it was found t. be a good practice to repeat

a few calibration measurements each day, in order to eliminate any

error due to any subsequent change in the system characteristics.

Other measurements were made involving three component (ON 2 ,

and CO2 mixtures. These were made utilizing a spectrograph and a~e

presented in Fig. (20). Again, it is neen that each component can be

Setermined with an accuracy equivalent to the pure situation. Mixture

number 10 in Fig. (20) shows that species in a three component -nixtre

can be measured with the same degree of accv.racy as in the pure tests,

even in a mixture where the total mixture pressure is relatively low (60

Torr). Mixture number 11 gives the analagous result for a high mixture

pressure case (750 Torr).

Analagous results were found when -arrow bandpass filters were

Lutilized, and are shown in Fig. (-11. Included herein, are measurements
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of very small arrounts of trace species in high density gas mixtures. 'T""C

amount of an individual trace specie ranged fr m approximately 0.4 to

2.5% of the total mixture. (See mixture No. I to 8 in Fig. 21). The

error encountered increased as the amount of trace specie was

decreased, being approximately 10-15% at partial pressures above 10

Torr. This was, of course, expected, since this was also the appl-oxirnate

error encountered in the previous tests using pure gases.

All of these measurements indicate that, in a given situation, if

the proper precautions have been taken in order to attenuate all other

wavelengths, individual specie concentration measurements (and their

range) are independent of the density of the other mixture components

and are governed exclusively by their own individual conceatrations.

The demonstration of this diagnostic feature was the goal of this aspect

of this investigation.

It must be remembered, however, that certain species may have

absorption bands which may correspond to the Raman wavelength of

another species in the mixture. In this case the attenuation of the Raman

intensity may be significant and must be considered. The presence of

any background radiation, which has components of the same wavelength

as the Raman radiation, must also be considered and accounted for.

These factors must be investigated in each inei 'idual application.

However, it should be pointed out that these are limitations common

to all optical techniques. The effect of subsequent re-scattering of the

Raman photons is always small, due to the small cross-sections involved

and can usually be neglected.
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Temperature Measurements:

A few tests were conducted in order to determine the feasibility

of determining the vibrational temperature of a particular gas by

measuring the intensity of the Raman Stokes and Anti-Stokes components

as indicated in Eq. (5). As shown in Fig. (4), the ratio of Raman

3 5
Stokes to Anti-Stokes components are on the order of 10 to 10 , at

temperatures corresponding to room temperature. The vibratio-.1

temperature coald, therefore, only be measured for 0., at 760 Torr,

since here the ratio was small enough, and the signal large enough, to

allow the measurement of the intensity Anti-Stokes component. The

results -.re includeJ in Table JI. Measurements were made using both

a spectrograph and narrow bandpass filters as indicated in the table.

As is noticed in Fig. (5), the sensitivity of the temperature,

to the measured intensity ratio, is small at low temperatures, and

large at high temperatures. This in some way offsets the fact that the

intensities of the various Anti-Stokes components are low at low

temperatures arid, therefore, are subject to more error due to the

limited sensitivity of the available phototubes. The vibrational

temperature as measured utilizing a spectrograph (D=6mm) averages

14% higher than the actual temperature of the gas, while the

measurements using narrow bandpass filters (D=2. 5mm), average to

about the correct value. This is probably due to the fact that the

intensit, recorded using fi'Lrs is higher, thus, these measurements are

less sensitive to the tube "noise" characteristics.

As indicated in Eq. (3), the intensity of the scattered Raman

radiation is a fu.iction of the tenperature of the gas. At low temperatures,
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this dependence is weak. In any given situation, the simultaneous

measurement of I and I would provide a measurement of the
S A

tenperatuce and the concentration. Thus, a calibration made at a lower

temperature could be adjusted through the utilization of Eq. (3) and the

neasured gas temperature. In this case, a calibration which is made at

a low tei :perature can be used as a convenient means of determining

the attenuation of the entire system.

The ratio of the intensity of the Raman Stokes to the Rayleigh

component was also measured for each specie and compared to that

predicted by theory. For a radiation source which is polarized in the

vertical plane this ratio is of the form

Is  (v-V) 4  h (45a' 2 + 7Xe'2)

I R8 4 tr 2 Lw (45er + 7Xy2)

The experimentally determined values of a' and y' described

previously were use,1 to predict the Raman Stokes intensity, while the

values of a were determined from tO-e refractive indices listed in

Ref. (27). The polarizability,a, can be related to the index of refraction
16

of a particular gas in the following manner

n-1

OZ TT N

In the calculations described herein, y was assumed to be

negligible. The measured values of IR included small contributions due

to the simultaneous measurement of the pure rotational Raman

components whose wavelengths are close to that of the Rayleigh component.

The results are included in Table IVwhere very good agreement is

noticed for all species except CO 2 . Since the Rayleigh intensity is
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appreciably increased when dust is present, these measurements were

made after the suspended dust particles were allowed to settle.

Measurements of the Rayleigh intensity taken immediately after filling

the chamber were often as much as an order of magnitude higher than

that measured after the dust had been allowed to settle overnight. The

presence of such dust particles probably accounts for he discrepancy

in the results -. presented for CO.

Discussion:

It has been demonstrated that Raman scattering can be used as

a diagnostic technique in order to determine individual specie

concentrations in gas mixtures. In a given application the specie

concentration of a particular gas can be determined either using a

calibration curve of the type depicted in Figs. (11-18), or utilizing Eq.

(4). The utilization of Eq. (4) is more tedious and less accurate, since

it requires the separate measurement of many attenuation factors and

deperds upon previously measured quantities such as I-" and y'. It

also depends upon a measurement of the scattering volume, a

measurement which is very inaccurate at best. The equations should,

therefore, be looked upon as giving the appropriate functional dependence

of the scattered radiation upon :'ie various governing independent

parameters. Thus, any variation in the scattered intensity, due to

changes in any of the governing parameters can . -.redicted utilizing

this equation.

The results which are presented here are dependent upon the

experimental arrangement and equipment utilized. A few wvays in

which either the spacial resolution or density range can be improved

37



can be briefly outlined. In some applications, due to the presence of

background radiatin, better wavelength resolution may be required

than that utilized in these experiments. The use -f a cylindrical lens,

to image the scattering volume on taie spectrogr:,ph slit, can

effectively increase the amount of energy entering the spectrograph, (by

decreasing slit attenuation), thus allowing the use of a smaller slit

opening. This coala be accomplished with the use of a lens system

which reduces the image to object ratio. All these factors are

subject to other considerations, including any subsequent chartge in the

solid aigle of the viewing system. An improvement in the wavelength

resolution of the narrow bandpass filters can be accomplished simply

by utilizing filters with a very narrow bandpass.

The spacial resolution can be improved by changing the incident

beam size and/or the utilization of a smaller observation iris. The

beam diameter at the scattering center can be changed by varying the

incident optical configuration. Thus, the spacial resolution an1 !he

lower density range needed in each application must be considered and

balanced in order to determine the proper beam size, iris opening and

slit width (or bandpass if filters are used) to be used. Certainly, these

factors become more critical at the lower density range. In most

applications it would seem to be more practical to use the narrow

bandpass filters.

Also, as indicated in the discussion of the attenuation factors,

the use of higher gain aznd lower "noise" phototubes, and higher powered

and/or higher frequency laser can also improve the range of the

technique.
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VI. CONCLUSIONS

In view of the above, it may be stated that a technique has been

demonstrated which is capable of:

1. uniquely identifying individual diatomic (or polyatomic) species

in a gas mixture.

2. measuring the concentration of a pure gas over a range of

several orders of magnitude in density.

3. measuring the concentration of a particular specie in a gas

mixture. This measurement is independent of the density of

the other components of the mixture.

4. measuring the vibrational temperature in gases where the

number of molecules present in the first vibrational excited

state is not insignificant.

5. measuring densities (concentrations) at levels comparable

to the upper limit of the electron beam.

6. measurements not effect (as in Rayleigh scattering) by the

presence of dust particles in the gas.

7, measuring specie concentrations in 1high velocity flow (due to

the shortness of the laser pulse duration).

8. measurement of local values of a stationary or flowing gas

without the influence of disturbing probes.
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VIII APPENDICES

The following Appendices present a short summary of some of

the basic theory of the Rarnan effect. Most of the information contained
7-13

herein is available in various references , and the following

presentation follows the derivations presented in these references to

some degree. Each of the above refere.ices presents the information

and derivation suited and limited to its own needs and scope of

applicability. Also, riuch of the information contained therein pertains

to applications and substances not of interest in gas dynamic

applications.

It is the intent of these Appendices to present the desired

quantum theory necessary for the understanding and use of the Raman

effect for gas dynamic applications, in a readily available place and in

a somewhat complete form. An attempt has been made to include only

the necessary details needed for the understanding of the Raman effect

and to include the generality -needed for various gas dynamic applications.

These Appendices will, hopefully, illucidate the theoretical description

presented in the main text and eliminate the initial necessity of excessive

referral to the references.

For m-ore detailed information, the references indicated above

should be consulted, together with the other references listed in the

bibliography.
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APPENDIX I

-. UANTUM THEORY OF RAMAN SCATTERING

The quantum mechanical derivation of the scattered intensity using

the perturbation theory of wvave mechanics, first derived in Reference

7, will be presea ted herein. This presentation follows somewhat that

contained in References 7,8. and 11. and is included herein for

completeness. The more lucid portions of each derivation have

been followcd in order to obtain, in the author's opinion, a clear

description of the pertinent aspects of the theory.

The time dependent Schrodinger wave equation can be written

in the form

L (Ali

where Y is the time dependent wave function and Ho is the quantum

mechanical -lami.h.niar. operator which is given in chartesian

coordinates by
Ho  1

H0 . ax2  2 By a

where V is the potential energy of the system and r. indicates a

specific particle.

rhe solution for a molecule in the state k is of the form

e ' . E t (A!-3)

where Ek is the molecular energy in the k state and -k is the time

independent wave function amplitude.

If a light wave of frequency %, (where ; does not correspond to
a 0

an absorption frequenc - of the molecule), and of wavelength large in
P
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comnparison to the -- olecular dimensions falls on a molecule, Its energy

will be changed by the oscillating electric field E of the incident light.

The amount of this energy change will be equal to - EM, where

M=7erl. is the electric moment of the molecule. Therefore, to a first
ji

approximation the interaction can be described as the inducement of a

dioole moment in the molecule.

The incident electric field. E, can be described by

E= A exp L-Z0i t] + A-- Lx Zvt (AI-4)

-.,here A is a complex vector and -A* is its complex conjugae heeoe

the governing Schrodinger wave equation for the perturbed molecular

system can be written as

(H -MVX fly (A I-

where 'Y is the -wave function of the perturbed system. If the molecule

Is in the state k'- before the interaction, then th-t wave functicon of the

molecule after Irradiation zan be written in the form

V_-,; 0ID

k (Al -6)

Substituting this form of the wave functie. foAAeprtre

system into equation (Al-5), and usingy equation (Al-l'i, one obtains

where M~ PZ can be neglected as a second order term.

The genex-al solution of equation (Ai-7) can be written. in the z;Oryn

-c -- .

which can be verified by direct substitution.



Substituting equations (A!-4-, 8) into th-e wave eq~ation for the

perturbed system, and equating the coefficients of terms involving the

same time dependence, results in the following set of equations

H0k[+ + hv A-MA M

H 0  
- h [E~v]=A M "'(A-9

Nowv the intermediat~e level _(hV + E) is not a stationd.:y state
0

of the molecule, but, by the usual perturbation theory of -wave mnechanics

it can be described by a summation over all possible stationary energy

levels; i.e., over all electronic, vibrational, and -r otatiL Les

- Therefore, -let

(AM) 2:= (-A Mk Wr (Al-10)
r

where Mkrf M1',dT is the transition amplitude (k-r) in the

unperturbed systemk, and r is some arbitrary intermediate energy level.

If one now considers the time dependent wave equation

0
r rV (Al-li),

then one can obtain for ~Fthe following expressions

+ k r)M~rt rAk)"k 'EE-hvk E-~+hv(Al-12)
r r k~ k r r- E R h

Theref ore, the -perturbed portion of the wave function can be

written as

k h --- krEk hv )t)

(AI-13)
+ - exk) L-t-%E -Nit]

Vk~l + V exp
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Now, the induced electric moment, M' of the perturbed- molecule

can be written as

MI !-'MYkdT -(A 1-14)

Substituting for Y k and neglecting -the second order terms, results- in-

0 1 ~Mkr)Mrk LMkr(A Mrk
1-~-+ -exp EZivt]-kkkk +h r V +V-V rk0

(Al-15)

1 i(A- Mkr)yMrk M kr (A-,)+V +jexp [+Z Tiv t]

The first term is time independent And represeits the permanent

dipole- mornent -of the state k. The other terms are -time dependent

and of the same frequency as the incident radiation. These terms

represent scattered radiation of the- same frequency-as the incident

radiation and are termhed-Rayleigh scattering.

The total intensity of radiation arising from -the electric moment

can be written- as

whe re M can be wvritten in the form

=Ej~j exp(- Z Tiv t) + Z.~ exp (ZTiv t) (Al-17)
i~ kk0 -kk

and therefore,

1 Mkr)Mrk Mkr(AM )
r 1 rk0 + 0 (A1-18)

Substituting equation (Al-18) into equation (A1-16), yields an equation

for the total intensity of Rayleigh scattered light for one molecule.

Now, if the mnlecule makes a transition from level k to n,

due to its interaction with the incident radiation, the resulting electrie
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moment is

nr

-Repeating the above proced re, one obtains

M' 2e-TTiV k t [ (LMkr)yMrn + Mkr(A rn)]e~~~ ~

oo > 0 < k h(Al- 20)
++ kkrM

Fh LV rk + N + V

f The first terms refer to the spontaneous emission of a quantu

And the- second- terms corresponds to scattered radiation oi frequency

wv e he, -subject to the condition

V V- kn> 0 or En< E + hv (Al1- 21)

mihere_-E--and'-F. are the energies of -the initial -and- final states,

respectively.- This type- of scattering is -termed Raman scattering. If

kE 5. Ek, then the frequency of the scattered radiation is decreased,

while the molecule gains the corresponding amount of internal energy.

-If -Ek > E - then the frequency of the scattered radiation is increased

and -the molecule looses the corresponding amount of internal energy.

In -order -for the 1'%tter -process- to occur, the state k must be an

excited state. The resulting radiation due to the former phenomenon is

-termed Stokes radiation, while the latter is termed Anti-Stokes

radiation.

The third terms refer to radiation for Vk-V > 0 or E < E -hv.
Vkn 0n k-

Therefore, if the incident frequency v ° corresponds to visible or

ultraviolet radiation, the initial state of the molecule should be an

electronically excited state in order for the transition to occur. These

J
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transitions have not yet '["en letected and therefore, this term will not -

be considered herein.

In similar manner, the electric moment can be written in the

form

-nM' - Ekn expC -ZITi (% n Vlt)+E neXp[-Z Ri(Vl '-V)t1l (AI-22)
- kn -kn ext2i(v VJkfl#

where E kr rn Mkr (Mrn) -(A1-Z3)
where _ _=- VkV + Vn+v I:

=1-nh~ r-vkV V + V (1-3

and therefore, the tdtal intensity of the Raman scattere d radiation

is of the form

64-(v o+ -- n Vn1

'kn 3Ca  JE 'Al-Z4)-

where Ekn is given by equation (AI-23).

Thtrefore, the intensity of scattered radiation is determined

by the enission or absorption frequencies and the transition amplitudes

Mkr, lvin. Since the intensity depends only on the amplitude and not

its square (transition probability), different terms relating to the

intermediate state will cancel or strengthen each other by interference.

The i.,terrnediate states, r, only contribute to the intensity if

the transition (k-*r) and the transitions (r-ii) are allowed in ordinary

absorption. If the intermediate level r does not exist, the Raman

transition (k-n) is forbidden. Therefore, in terms of the quantum

theory the difference between the Raman and absorption selection rules

lies in the fact that the former corresponds to a double transition and

the latter to a single direct transition between. two states.

The intensity of scattered radiation from a group of molecules,
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in a particular direction, can be expressed as

= "' rac N !Ej )I (Al- 23)
where " is the unit- vecvor in the direction of polarization along wh:ch

the scattering is observed and r is the distance between the scattering

system and an observer.

As can be seen, in order to evaluate the transition probability
Ek. and, therefore, the intensity of scatte, radiation, a sum over

all the states must be performed. This is most difficult. Fortunat.eiy,

under some restrictions, this can be accomplished using the concept of

Oolarizability. This .theory is described in the next appendix.
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APPENDiX II

POLARIZABILITY THEORY

The evaluation of the transition probability (Eq. Al-23, over

all states is very complicated. Fortunately, Placzek devised a theory -

whe.-e, under certain restrictions, the evaluation over all the states

is not necessary. An outlife of this theory will be given in this

Appendix. The presentation herein follows the material included

in Refs. 8,10,13, and Z5.

For a wide variety of physically intceesting conditions,

the total wave function of a molecular system can be separated with
27

a good degree of accuracy, in the following manner:

"e'r(AZ-I)

That is, the total wave funciion can be separated into components due

to electronic, vibrational and rotational phenomena.

Therefore, the total energy can also be resolved into separate

components E ,E v and E, where E=E v+E + E and E > E v E

Utilizing this approximation, the summation over the intermediate states,

as given in Eq. (Al-Z3), can be more easily evaluated . Under the

assumption that the frequency of the incident light quantum, v, is much

lower than the lowest electronic transition frequency of ihe molecule ve

(i.e. , Vo<<Ve), then the ground electronic state is the only electronico e

state which needs to be considered. If it is also assumed that the

ground state is nondegenerate, and v>>Vv, v -v>v where is the

frequency of the molecular vibration, the sum over the ground state wave

functions can be replaced by the polarizability of the molecule with fL':ed

nuclei, and by the effect of the nuclear motions on the polarizability.
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When a photon interacts with a molecule, the oscillating electric

field E of the incident radiation- induces a dipole moment P in the

molecule. That is, the relative positions of the charges in the molecule

are displaced from their equilibrium positions producing a diple moment

of magnitude

(A2-2)

where a is the polarizability tensor which is assumed to be independent

of E. Comparing this representation to that in the previous appendix,

we see that, for a typical component of-Ekn the following relationship

holds

Z~.~ '(a (AZ7--?)
where

1 :Myk(4)rn + Mhr(My rn
xy I h r V- V VnT V (24

Thus, under the previously outlined assumptions, the, polarizability

tensor has in effect replaced the- sum over all-the states. This

representation is useful since -i can be determined experimenta!ly.

- The polarizability tensor is a symmetric tensor (i.e., a.=a..)1Ij J1

and its components (cx,* xy, etc) are referred to a coordinate system

x, y, z fixed in the molecule. The tensor can be represented by an

ellipsoid with principal axes fixed in the molecule, along which both P

and E have the same direction. In general, the poiarizability ellipsoid

has the same symmetry as the charge distribution, which almost always

follows the symmetry of the nuclear frame. Thus, any axis of

symmetry Of a- molecule is a principal axis of the ellipsoid and any

plane of symmetry contains two axes of the ellipsoid. When all three

axes of the ellipsoid are equal, as in spherical top molecules, the
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poiarizi.ility is isotropic. When at least two of the axes are different,

a; in linear, symmetric top, and asymmetric top molecules, the

polarizability is anisotropic.

The polarizability wiil, of courme, vary with the v~brational

and rotational motions of the molecules. For vibrational motion of

infinitesimal amplitudes, the polarizability can be represented by an

expansion of terms of the 3N-6 normal coordinates qi. A typical

component is of the form
o3N-6 b

axy +-, 7 - q + H.O.T. (AZm-5)xyi~l I ;_qie

The first term represents the polarizability of the equilibrium position

and the second term represents the linear change in polarizability with

the normal coordinates at the equilibrium position. These two terms

give the polarizability in accordance with the harmonic oscillator

approximation. The higher terms are those due to electrical anharmonicity.

When the rotational motions of the molecule are considered,

the polarizability must be expressed in a space-fixed coordinate system

(X, Y, Z). The components in this system are given in terms oi the

polarizability components along the x, v, z axes fixed in the molecule.

A typical component of the polarizability tensor in the X, Y, Z systein

is of the form

y= cos(XX)cos(y,Y) (AZ-61
,x y

where t. is a function of the normal coordinates only, and isxy

independent of the rotational state and the orientation of the molecule.

The direction cosines are functions of the Eulerian angles.

Now, in order to determine the selection rules and intensities

of Raman transitions according to wave mechanics, the transition
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probabilities must be calcuated. Therefore, one must consider the

matrix elements of the induced dipole mement

~]kr 'IdT (A 7)

where ' and Y are the time-dependent eigenfunct-Cns of two states,
n

k and n, of a molecule. As can be readily seen in Appendix I, the

components of the matrix. [Fkn with indices n=k correspond to

Rayleigh scattering, since they vary with the frequency %o and the

components with indices nik correspond to Raman scattering with

frequency vo + (Ek-En)/h " (Here, of dourse, P has been used in place

of M in order to denote the use of the polarizability approximation).

The time independent part of the induced dipole moment-is

[P3 = A t V(AZ-8)

where the components of P 0 are of the form

i kn iijkn j

where i,j=x,y,z and

[aij ]knf ij tn kd (AZ-10)

Since the square of [P°]kn is proportional to the transition

probability from state k i" n, if any one of these matrix elements Is

different from zero, a Raman transition k-1n is allowed.

Now, , n are the time independent wave function amplitudes

which obey Schrodinger's wave equation. In the context of the

polarizability theory, they can be- rewritten as

: v n A, ( rlk, (AZ-il

where (s'vlk. and (rk are the vibrational and rotational wave function
V~k~n 'k. n

amplitudes, respectively, in the states k -r n.
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Substituting the appropriate relations-(Eqs. -(A2-10, 11)) Into

Equation A2-9, one cbtains for [P 01 the following expressioni kn

*vk( r~ kIj j n

Therefore, given ' one can solve for the transition

roba:ilities and the inten.t o3 inirs f~ n order to determbn

and r'a molecular mod-ei muse- be assumed and 'he corresponding -7-We

equation solved. In the followng discussaon t1- harmonic oscillator

and rigid dumbbell mo-!els will be assumned. For details on solving

for v and r utilizing these molecular nriddels, see Ref. Z5_

Considez first, the vibrational motions only. Substituting Eq.

(.A -5) intc eq. (AZ-l10), and neglecting higher order terms, results in

[d-, + c )'d- (A2-13)xkc kfxxej ~ kknd ~)f x 'I-V~

in which _and * are functions of all the q... -Due to the orthogonality
'n1

properties of the %%ave functions, the first -term is zero, unless the

ribrational states are the same 'i. e.. unless k=r.) and therefore, does

not contribute to the vibrational -intensity. The second term is equal

to zero only if the quanturn numbers correspoinding to the states k

-and ri do not differ by 1.or if /Z, is equal to -zero.

Therefore, "or the harnonic oscillator approximation, o: %J

fundamental frequencies can occur -and only those frequencies which

produce a change in polarizability. if higSher order terms -..ere kept,

then overtone and combination-frequeficiezs co-ild occur! but the inten~sities

corresponding to these frequencies are very small in amplitude, as

compare t o t he in-tensity corresponding to the fundamnental fre~quency.



Therefore, for vibrational Raman scattering, one has

[a xx]kn=  q )n dT (A 2-14)

Substituting the eigenfunctions of harmonic oscillator, results in

Ltxa x kn = C.xx (AZ-15)

where a,"= ( /qie T'. " -, the polarizability tensor, in the

xk xx ie T

x direction,- is of the form

1P [E [L..+. a, +E (A 2-16)
'x kn= 1 _ l . _U x xx y xy z xLz IA-6

If -we now consider the rotational motions of the molecule we

must transfom to a coordinate system fixed in space. This -relation

is given by

-L X axy cos (x,X)cos(yY) (A2--6)

-Therefore, one can write the matrix element of the: polarizability -

tensor for a vibrating rotating molecular system as (See- Eqs. (AZ-l0,11))

[CLXYTnm vn (d Sr~nCOvlx, cos(x l)cas(y, Y)( ' r)kdr 1A2-7)
Vnf-".~r n r X T

where C is given by Eq. (A2-5)-. :Since at ordinary temperatures
xy

the rotational energies are normally excited, thr transformation to the

fixed coordinate system XjY,Z can simply be made by averaging in the

classical sense, over all orientations of the molecule. This averaging

process must be made of -all the squares and crossproducts of the tensor

components over all orientations of the Lensor ellipsoid. This type of

averaging is not necessary, since the stitution of th. 'otational wave

function as given in Ref, 25 into equation (AZ-17) will give the same

result. i-t is used herein, since it is convenient.

It is convenient to introduce two invariants of the polarizability
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tensor. In the genc~ral case of anisotrcpic polarizability the tensor 'has

two invariants defined as the spherical (or isotropic) part of the polariability-,

~and anisotropic part YO, where

'('-xx + yy +cZZ) (~

_Y 1/? [( _a 2+

thei resectie coponets i Eq~ (A2l8,1) (ie., 1Th

Th oluwingseofc reAtionhis eteenain on aand efe invariants

of the polarizability derivatie tensor: hr h eiaie elc

their~(/) repci~ compnent in Eqs AZ181) (ie,( -B~ aZ). h

For ~ ~ preaedt Rayleigh scatteringoewnl nyIv t mttedrvtv
inotationt a aondr to ---'tain h crrect lations.

whleaind Apea nehse relationshis h scttrinbi , Rasan fcatin.f

varou mode of pgarie Ref cide riein Thereforetresut intest

ofthe sctee ait~ a ~ rtt4en in'. the thforrinsm~

ohrf i the numbz-biit erivofivmoleular:satrr ntesaekadIk

is~~~~ a uutiTnof0,ct( ndY'a _ +eie y Eqs (A2-162oZl
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It is seen from Eq. (A2-20,21) that the intensity of Raman

scattering is made up of two parts; one due to isotropic scattering

(i.e., proportional to o "2) and one due to anisotropic scattering (i.e.,

proportional to v' 2 ). The specific relationship for 'm 12 will be

derived for a number of interesting cases in the next appendix.

As stated previously, the intensity relationship for Rayleigh

scattering can be obtained for the above presentation by recognizing

that if k=n, all results derived above, correspond to Rayleigh scattering

-wherein a and yR must be replaced by a and y 2

The intensity as derived above (Eq. (A 2-22)), includes the

contributions from all of the rotational transitions and , therefore,

represents -the intensity of the entire Raman vibrational-rotational band.

The contribution of the rotational transitions have been derived utilizing

a-, s ,um in.-the classical sense, over all rotational states. The sime

result-cai -be obtained utilizing the wave functions amplitudes for the

o'tationa- -levels -and evaluating the appropriate transition probabilities

(see Ref. 8,9)-. This has not been included herein, since these results

are quite involved due to the many variations in quantum conditions.

The intensity of the scattered radiation due to a rotational transition

can be derived utilizing this approach and is of the following form

I rCO (vo + vjj,) 4 gjN b K (AZ-23)

TK
-where C3 is a constant and the specific values for gj and bj,K'

are given:in Ref. 8-10.

In some applications, it may be more advantageous to observe

the Q-branch of the vibrational-rotational band(see Appendix IV for a

description of the Q-bran:h). In this case, the intensity of the Q-branch
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is of the form
64Ti4

6 4 - V + v ) N I (A Z - 24) -
Irot =  3c (-o + kn} Nikn l :AZ2)

where !Pkn is now a function -of X as well; where X is the -fraction

of the anisotropic intensity in the Q-branch and is given- by

SX=- g(2j+,expr-J(J+)hBc (J+l}Zj j J 1 IXp T "(2j - 1) 2J 2+ 3) (A 2- 25)

where Zj is the rotational partition function. For !ow values of

hBc/kT, X is equal to .25 for O,N, D2 , and is equ.l to 0.32S for H2

(at room temperature).

The relationship for as derived in Appendix IV, are

for the entire band and include the factor X in the appropriate terms

in order to allow the determinion of the intensity of the Q-branch.

Since most investigations involving the determination of the polarizability

invariants observe -the 0-branch only, aa understanding of- X is

necessary in order to obtain the proper interpretation of their ,results

with respect to the measurement made herein.
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APPENDIX II

TRANSITION AMPLITUDE AND DEPOLARIZATION RATIO

_- Consider an experimental configuration, wherein the incident

radiation is directed along the Z axis, as defined in. the coordinate

system depicted below:

.KX

Z

and- the observation of the scattered radiation is made at some

arbitrary angle, 0, to the Z axis in the XZ plane. Also, consider

the-following modes of polarization of the incident radiation.

I EX= lJl; Ey= Ez= 0
i-!I)- Ey= E 1; EX= EZ= 0

I) Ey= El EI E =0
Z

The general relationship for a component of" the transition

amplitude directed along a coordinate axes, for a randomly oriented

molecular scattering system, is of the form (See Appendix II)

S- 2- h 2(A
[P i kn 8e Z -ij- (A3 -1)

where ij=XY,Z and-

(5 (4 .)C4 + 4' V W (A3-2)

Here X= 1 for the entire vibrational-rotational band and is given by

Eq. A2-25 for the Q-branch.
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For an arbitrary viewing angle, 0,. with respect to the indident

radiat:on, the transition amplitude can be written in terms of these

components, in the following manner:

[POI =[Px]2 CO +S2 E ] + l 1z2S in2+ (A3-3)

Utilizing these relationships, the transition amplil-ude, for the

different modes of polarization of the incident radiation, can be

written as

Case I Horizontally polarized radiation

[Pu])=K[45a' 2 + 7Y' 2 X)cos% + 6y'"Xsin'8] (A3-4)

Case II Vertically polarized radiation

[p] 2 = KL45a,' + 7yx] (A3-5)

Case Ill Unpolarized radiation

Pe ] =K[(45a' 2 +7y'2X)(l+cos% B)+6v '2 Xsin2 ej (A3-6)

_,h 8-.B e r ep 1

where K= 8%; = 45 e
e 45w e

In a similar manner, one can derive theVariation of the

depolarization ratio, p, with observation angle 6, for the different

modes of polarization considered. The depolarization ratio, p, is

defined as:

p = I,/ Io (A3-7)

where I& and I,, are, -respectively, the intensities of the components

of scattered light with electric vectors vibrating in the directions perpendicular

and parallel to that of the incident light.

I Horizontally Polarized Radiation

(45a" + 4y' 2 xcos 2 e + 31 2 sin2  (A3-8)

1I Vertically Polarized Radiation

P= 45 + 4v(' (A3-9)
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III Unpolarized Radiation

(4=' ;2-2 ~ os G 6y 2 sin 0 (A3-10)
45a' + -7y'
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APPENDIX AT

DETERMINATION OF THE RAMAN. FREQUENCY SHIFTS

Since the Raman shift occurs due to an energy exchange

between the incident photon and the irradiated molecule, a determination

of the various stationary energy states of the molecule can be used

to determine the corresponding Raman shift. As stated in the text,

most observed Raman shifts result from vibrational-rotational

transitions and therefore, only these transitions will be considered

here.

In order to predict the energy levels accurately and to

adequately d,2termine the fine structuze, the molecular models utilized

to determine the Raman frequency shifts should consider the interaction

of the rotational and vibrational motions. That is, during vibration the

internuclear distance changes and therelor., the moment of inertia

changes, affecting the rntation. Also, during rotation the centrifugal

forces effect the vibrational motion. Therefore, in order to calculate

the energy levels of a given molecule, the vibrating rotator model for a

diatomic molecule will be used. This refinement is not absolutely

necessary in most investigations which observe the entire vibrational-

rotational band but, is included herein in order to be more general. It

is most useful in determining the wavelength and spacing of the individual

lines in the vibrational-rotational band as well as the total band width.

This becomes necessary when one is interested in resolving individual

lines comprising the band.
23

The term -values of a vibrating rotator are

E T(V+ ! )-W X (V . - e -+ ....

+ BvJ(J+I) -D vS(+ )+ ... (41

63



where Bvis the mean rotational constant in the vibrational state

considered and is related to B e the equilibrium rotational constant,

in the following manner:

Bv:B e - Cte( v +... (A4- 2)

where

B =h/(8Tl cpr ) and B >>a

In a similar manner, D represents the influence of the
v

centrifugal force in the vibrational state v and is given by

Dr-De+ Qe(V+1) +..- (A4-3)

where _

D= and De >>ee

The change id wave number, due to a vibrational and rotational

energy change, can be written in terms of the difference in the term

values -of the vibrating irotator in the -following manner:

T'h-T - -c (E=-E)Vv (A4- 4)

Where the prime represents the upper energy state considered. The

-various molecular constants described above are listed in Table V

--for so-ae molecules of interest.

The vibrational selection rule for Raman -scattering is (see

Appendix H and Ref. 23),

A v-= ± (A4- 5a)-

while the rotational selection rule is

LJ=0, +2 (A4-5b)

-Depending upon the rotational quantum jump considered, various

different bands can be obtained for a given vibrational- change. These

- bands are called the S, 0, and Q branches, which correspond to AJ= t 2,
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-Z, 0, respectively.

For the v= 0-v=l, vibrational transition (the one considered

herein), the difference between B and B is very small; therefore,
v=O v--1

all the lines of the Q-branch are very close to each other and except with

a high resolving spectrograph, are usually not resolved. This gives rise

to an intense line near the vibrational line. The S and 0 braniches are much

weaker since their lines are not superimposed.

13 -17
In most investigations of the Raman effect, the Q-branch is

observed. A schematic representttion of these branches as they would be

observed on-an exposed spectroscopic plate is--shown below.

O-Branch S Branch
AJ=+Z2

Q ranch

RAMAN VIBRATIONAL-ROTATIOXAL BAND

The frequency of the Raman components can also be evaluated

utilizing experimentally determined values of the Ranan shift. These

reported values usually are for the Q-branch, and therefore, in order to

obtain tha width and spacing ,f the vibrational- rotational bandis, the type of

calculation described above is useful. The Raman frequencies for COz and

CH 4 were determined in this manner from the data in Ref. 15. For applications

of the Raman effect as demonstrated herein, this manner of determining

Raman wavelengths is a quick and accurate enough technique to use.

The Raman frequency shifts, as calculated and utilized herein, for

some molecules of interest are listed in Table (II). These are for
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the Q-branch, where the rotatioinal transition J=O-JiO is considered. The

Raman wavelengths can now be calculated using the equations for the

index of refraction of air (n-) as given in Appendix V.



S7 -7

fu

APPENDIX V

INDEX OF REFRACTION OF AIR

In order to compute the wavelength of the various Raman -lines

as observed in air, a knowledge of the -variation of -the index of-

refraction of air. as a function of wavelength- temperature, and

pressure n. ust -be known. The variation of -the index of refraction

with wavelength is given, for- standard air (dry, 0.03 percent CO2 )

by 4

(n-)0 6432.8 + +991 25540)15,760 (16-n +(A-I

where a= %(10)-'= wave number in vacuum in W
24The -variation of n '&ith temp erature and pressure is given by

~TP~ 760 (-1 +7600-7)(1 +' n~Ty A.

where: n is thie index-of refraction of air at the desired temperature

and pressure

~lS76Ois -given by Equation A5-i

P is the pressure -(T orr)

- (I. 049-0.0157T).'LO

T is the -temperature irs

015= 0.8135(10-

n=0.00366 1
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TABLE I:
RAMAN SHIFTS AND POLARIZABILITY INVARIANTS

SPECIE RAMAN SHIFT p + Xl./a9 a (0)" cml

0.1150 1.0 1.4615
02 15&6.2 .33() 4.02

tie)0.266 1.4i -  
1. U(IS)

-0055 0 0.44 .75-
N2  2330.7 0.180051 1.71

om26556)  1.4o00

1285 0.040 5o 0.45 0;699, ( 5) (16):"C02(vo) 18 (16)  0.5(15Y0(0 2 (46) 1.255 4.
1388'~ 0.054~'~ 012 . 0.432 25 4.
409(IS 0.150 (150 i 1.3641

29 '(P :294 0.0( 0.0 4.16(1)
~~CI6)4.10('6)

H2  4159.24 O.OTh2 .000952() 1.30±0.104(1?)

0.140 (16)
0.07 15) .2(I)

CO 2143.3 0.040 (15 ) 5

0.310 0)

FOR UNPOLARIZED INCIDENT RADIATION AND TRANSVERSE (900)
-'OBSERVATION
NUMBER IN ( ) INDICATES REF FROM WHICH DATA WAS OBTAINED
0 INDICATES 0 BRANCH

m.G m 
-

I* - - -n -- -n-.. . n- .... -- i---T--i ..... .. .... ..
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SCATTERING VOLUME OF
RANDOMLY ORIENTED MOLECULES-

-119ECIION
ZOF

M~ADIATICN

FIG.2 -COORDINATE SYSTEM SHOWING THE -DIRECTION -OF
LASER- IRRADIATION AND THE ORIENTAONO THE
VIEWING SYSTEM (THE LASER -RADIATION IS t

VERTICALLY POLARIZED)
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